Pseudo-nitzschia austrulis Frenguelli is a marine pennatc diatom associated with the production of domoic acida neurocxcitatory amino acid linked to illness and mortality of humans and wildlife, Distinguishing P. austrulis from its co-occurring congeners is labor intensive and time consuming because of a requirement for scanning electron microscopy. Hcrc, we apply large-subunit ribosomal RNA (LSU rRNA)-targeted oligonucleotides in wholecell and sandwich hybridization formats to identify and enumerate this species collected from pure cultures and natural populations. Whole-cell hybridization employed fluorescently labeled probes, filter-based sample processing, and epifluorescence microscopy to enumerate labeled cells. In contrast, sandwich hybridization was accomplished by homogenizing cells in a chaotropic solution and performing two hybridization reactions: capture of LSU rRNA using an oligonuclcotide coupled to a macroscopic solid support and binding of signal probe to a region of LSU rRNA near that of the capture site. Sandwich hybrids were detected calorimetrically; color intensity was proportional to the abundance of target species in the original sample. The sandwich hybridization assay was semiautomated with a robotic processor. Both whole-cell and sandwich hybridization are useful techniques for identifying P. australis as it occurs in nature. Sandwich hybridization potentially offers the most rapid and simple means to accomplish this task when screening large numbers of environmental samples.
Fundamental challenges common to all studies of harmful algal blooms (HABs) are identifying, enumerating, and mapping the distributions of toxic species as they occur in nature. Recent workshops on HABs have recognized these problems and the need to develop novel techniques to speed and ease these tasks (Anderson et al. 1993; ECOHAB 1995) . At present such operations are difficult because of the time and labor required to count potentially toxic species collected in discrete samples and the need to repeat such procedures hundreds of times in order to chart organisms' growth and movement. In this contribution we apply large-subunit ribosomal RNA (LSU rRNA)-targeted oligonucleotide probes to detect and quantify Pseudo-nitzschia austrulis Frenguelli, a marine pennate diatom, collected from pure cultures and natural populations. This species is linked to the production of domoic acid (DA), a neuroexcitatory amino acid responsible for a human disorder known as amnesic shellfish poisoning (ASP: Per1 et al. 1990; Todd 1993) .
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Over the past 8 yr awareness of the hazards associated with outbreaks of DA have increased from localized events in eastern Canada, to outbreaks along both coasts of North America, to the potential for outbreaks in many regions of the world (Bates et al. 1989; Villac et al. 1993; Hallegraeff 1993 Hallegraeff , 1994 Horner and Postel 1993; Lundholm et al. 1994; Yasumoto et al. 1996) . Pseudo-nitzschia species associated with DA production in either cultured or natural populations now include P. austrulis, P. delicatissima (R T Cleve) Heiden, P. multiseries (Hasle) Hasle, P. pungens (Grunow) Hasle, P. pseudodelicatissima (Hasle) Hasle, P. seriata (FT T. Cleve) H. Peragallo, and P. turgidula (Hustedt) Hasle (Martin et al. 1990; Smith et al. 1991; Buck et al. 1992; Douglas and Bates 1992; Garrison et al. 1992; Lundholm et al. 1994; Villareal et al. 1994; Rhodes et al. 1996; Doucette pers. comm.) . Observed toxicity of some species seems to vary depending on the geographic region in question (Lundholm et al. 1994; Rhodes et al. 1996) . Distinguishing between Pseudo-nitzschia species is challenging because it demands scanning electron microscopy (SEM) of cleaned frustules to visualize fine-scale morphological features diagnostic for each species (Hasle 1965 (Hasle , 1993 (Hasle , 1994 . The requirement for SEM severely restricts the detection and quantification of these organisms as they occur in nature. Studies that aim to correlate manifestation of DA in the food web with the appearance of particular Pseudo-nitzschia species are thus labor intensive, especially in areas where multiple representatives of the Pseudo-nitzschia group flourish (Walz et al. 1994 ). To avoid logistical problems associated with SEM we undertook a comparison of LSU rRNA gene sequences to identify genetic characters useful for discrimination of potentially toxic from nontoxic species (Scholin et al. 1994b (Scholin et al. , 1996 Miller and Scholin 1996) . Similar investigations have been conducted by others (Douglas et al. 1994; Manhart et al. 1995) , suggesting that nucleic acid-based assays are promising means by which one might discriminate among Pseudo-nitzschia representatives.
Nucleic acid probes have great potential to speed the detection and quantification of HAB species (Anderson 1995) . Realization of this goal, however, has been difficult for many reasons. Chief among these are a paucity of sequence data and corresponding lack of species-specific probes. Another significant, and often overlooked, challenge is to develop a probe application strategy from the perspective of those individuals or organizations that would benefit most from its conception-the likely end-users of the novel diagnostic tool. Techniques that require special equipment and trained personnel to execute are useful for addressing particular research questions in the confines of a modern laboratory (e.g. Adachi et al. 1994; Douglas et al. 1994; Scholin and Anderson 1994; Scholin et al. 1994a, b) . However, such methods may be of little or no value to public health and regulatory officials who require immediate determinations of a particular species presence outside of a conventional laboratory setting. Our goal is to provide molecular and nonmolecular biologists alike with simple and rapid diagnostics for HAB species. To this end we are evaluating two types of nonradioisotopic DNA probe-based assays (whole cell and sandwich hybridization), both of which have the potential to meet our objective.
Whole-cell (in situ) hybridization is a useful technique for identifying specific organisms while retaining their cellular shape and integrity (DeLong et al. 1989 ). The method typically begins with a chemical fixation to preserve macromolecular structure, followed by an alcohol rinse to permeabilize the specimen and reduce autofluorescence. Fixed cells are exposed to a solution containing a fluorescently labeled oligonucleotide either by immobilizing cells onto a microscope slide and subsequently applying a solution containing a probe or by resuspending the cells free in a probecontaining solution. In either case, cells are incubated with a labeled oligonucleotide, rinsed to remove unbound probe, ' and finally viewed by epifluorescence microscopy or flow cytometry (Amann et al. 1995) . Enzyme-linked probes offer an alternative to fluorescent labels (Amann et al. 1994) .
In contrast, sandwich hybridization begins by homogenizing a concentrated sample >of living cells in a chaotropic solution that both liberates nucleic acids and protects them from degradation (Van Ness and Chen 1991; Van Ness et al. 199 1) . Two separate hybridization reactions are then performed: capture of target nucleic acid sequences (DNA or RNA) from the crude lysate using an oligonucleotide tethered to a solid support, and binding of an enyme-tagged signal probe to a sequence near that of the capture site. Visualization of capture probe/r-RNA/signal probe sandwiches is accomplished enzymatically, yielding calorimetric or chemiluminescent products. The extent of color development or chemiluminescence can provide a measure of the abundance of target species in the original sample.
Details of the development and preliminary tests of whole-cell and sandwich hybridization assays for P. australis are described elsewhere (Scholin et al. 1996) . Here, we apply an easily constructed custom filtration manifold to facilitate the whole-cell hybridization procedure and modify the sandwich as,say with the use of a robotic processor. The latter is an analytical platform that automates hybridization, wash, and color development steps of the protocol using prepackaged reagents (cf. Briselden and Hillier 1994). Whole-cell and sandwich hybridization techniques are applied for the first time to quantify P. australis collected from pure cultures and natural populations found in Monterey Bay, California.
Materials and methods
Culturing and estimates of cell density-Unialgal cultures of P. australis were isolated from Monterey Bay (Santa Cruz wharf), identified, and maintained as described previously (Scholin et al. 1994b (Scholin et al. , 1996 . Clones used in this investigation (au 21 and au 22) were cultured at the Monterey Bay Aquarium Research Institute and the University of California at Santa Cruz. Cell densities of pure cultures were estimated by preserving an aliquot in Lugol's iodine solution and enumerating the number of cells in 5 ~1 with light microscopy. The average value obtained from three independent samples was used to estimate abundance (cells ml-l).
Net tow samples were collected from Monterey Harbor using a net with a mesh size of 35 pm. Samples were returned to the lab immediately and placed in a 15°C incubator. To identify and enumerate the diversity of species present in natural samples, we preserved an aliquot with Lugol's iodine; the samples were diluted as necessary, settled in counting chambers, and counted by standard procedures (Guillard 1973 ).
Whole-cell h) bridization-Custom filter stacks were prepared by bonding conical bottom polypropylene centrifuge tubes to Swinnex in-line filter housings (Millipore) using a hot plate to meh: the surfaces of the two halves immediately before assembly. The inlet portion of the Swinnex housing was cut away so as to maximize the opening between the tower and filter surface. Filter stacks were attached via a Luer slip fitting to a one-way stopcock (Cole Parmer) which is threaded into 3/8 in. (0.94 cm)-diameter PVC pipe; numerous filter stacks can be mounted on a single manifold (Fig. 1) . Vacuum is applied to the manifold by a hand-actuated or electric pump.
The sequence of the P. austrulis-specific LSU rRNA-targeted probe ("aus Dl"), description of necessary reagents, and protocol for its use are given by Scholin et al. (1996) . Modifications to that procedure are as follows. Cultured cells or net tow sample were added to the ethanol-based preservative at a ratio of 1 part sample to 5-7 parts fixative. Samples were allowed to stand at room temperature for at least 1 h but no longer than 2-3 d. Fixed samples were placed at 4°C when stored for periods exceeding 3 h. An aliquot of the preserved material (0.2-3 ml) was added to the custom 15 ml polypropylene centrifuge tube with bottom cut away 13 mm Swinncx in-linc filter housing with itttclkc syringe fitting removed and diameter of opening enlatgcd to match filter tube Fig. 1 . Schematic showing the configuration of a custom filtration manifold designed to facilitate filter-based whole-cell hybridization (details given in text). The entire assembly is s&-standing and can be placed in a water bath or dry incubator to control its temperature.
filter stack, and cells in that sample were collected by gentle vacuum filtration onto 13-mm Isopore membranes (1.2-3.0-pm pore size; Millipore); 2-3 ml of hybridization solution were added and allowed to stand for 3-5 min at room temperature. Cells were collected again by vacuum filtration, and 0.5 ml of hybridization buffer containing 5 pg of fluorescein-labeled aus Dl probe were added. Filter stacks were capped and the entire filtration manifold was immersed in a 45°C water bath for 1 h. The manifold was removed from the bath and cells collected as before. Two milliliters of hybridization buffer were added and cells collected immediately, then 2 ml of wash solution were added. The manifold was returned to the 45°C bath for 2-5 min, then removed, and cells were collected onto the filters. Filters were retrieved while maintaining a slight vacuum and placed sample-side up on a standard microscope slide. Approximately 20 ~1 of SlowFade Light (Molecular Probes) was added to the center of the filter, then mounted with a cover slip. Samples were viewed and photographed as described elsewhere (Scholin et al. 1996) . Slides were stored at 4°C in the dark, where labeled cells were stable for several days.
To estimate the abundance of P. australis cells in cultured or natural samples, we viewed the entire surface of the filter and counted the cells. The following formula was then applied: cells ml-' of sample = (no. counted on the filter + volume of fixed sample added to the filter stack) X [(total volume of fixative + sample) + volume of sample added to fixative]. It is also possible to collect cells from live samples onto filters and then add 5-10 ml of fixative to this material; after incubation for l-2 h at room temperature, one can proceed with probe application as above. The latter modification is especially useful for processing whole-water samples (i.e. those that are not preconcentrated as is a net tow).
Sandwich hybridization-The protocol for microtiter plate-based sandwich hybridization assays and a description of necessary reagents are detailed by Scholin et al. (1996) . A dilution series of P. australis was prepared by adding known numbers of cultured cells to 5 ml of filtered seawater (FSW) or concentrated net tow sample. The additions of cultured cells to the FSW and net tow samples ranged from -25 ~1 for the greatest dilution (-1 X lo3 target cells) to -2ml for the lowest (--8X lo4 target cells). At the greatest dilution, the ratio of target P. australis cells to nontarget diatom species was -1 : 30. Immediately after the addition of cultured cells samples were mixed and particles collected onto 25-mm hydrophilic Durapore membranes (0.65-t,cm pore size; Millipore) by standard vacuum filtration. Filters were transferred to a custom filter tube (Porex; gift of Microprobe Corp.) that contained 400 ,ul of lysis solution, vortexed gently, then heated to 85°C for 5 min. Afterwards, 600 ~1 of hybridization buffer were added, the tube was capped with a filter tip (Microprobe Corp.) and mixed by inversion. The sample was pushed through the filter tip into a clean tube to remove particles >l pm. For each sample, 0.5 ml of this crude lysate were added to one well of a standard 24-well microtiter plate, and three "aus-specific beads" were added (nylon beads covalently attached to the P. australis-specific capture probe; see Scholin et al. 1996) . Subsequent hybridization, wash, and color development steps followed the procedure detailed by Scholin et al. (1996) . Beads were dried on a paper towel and photographed.
In the semiautomated assay, solutions required for hybridization, wash, and color development steps of the protocol were packaged into reagent cassettes, and the aus-specific beads were mounted on plastic analytical cards (PACs). The reagent cassettes and PACS were applied with an Affirm Processor (Microprobe Corp.; see Briselden and Hillier 1994). The processor was programmed to complete the sandwich hybridization procedure as follows: capture of target LSU rRNA from the crude lysate (well l), 10 min; hybridization of biotinylated signal probe (well 2), 5 min; wash (well 3), 1 min; addition of horseradish enzyme-avidin conjugate (well 4), 5 min; wash (wells 5 and 6), 1 min each; color development (well 7), 8 min; wash (well 3), 30 s (total processing time from crude lysate to assay result is -32 min). After processing, PACs were allowed to dry for 10 min and color development on the aus-specific bead was quantified with a Affirm Scanner (Microprobe Corp.). The latter instrument measures reflectance of the bead surface relative to that of a white internal standard. The greater the color development, the less reflectance and lower value recorded.
Tests of the sandwich hybridization assay comparing dilution series of a pure culture to the same series added to a concentrated net tow sample as described above were repeated using the prepackaged reagents and Affirm Processor and Scanner system except that duplicate samples were prepared for each point on the standard curves; filters were added to 1 ml of lysis solution; after heating, 1.5 ml of hybridization buffer were added; and 0.5 ml of filtered lysate from each sample was added to each of three reagent cassettes (well 1). Target points on the standard curve were thus represented by two independent samples, each of which was analyzed in triplicate. To generate points on the standard curve and to estimate the abundance of P. australis in a natural sample, we rejected high and low reflectance scores and averaged the remaining four scores. 
Results and discussion
Whole-cell hybridization-The protocol for identifying P.
australis by whole-cell hybridization originally relied on collecting cells by centrifugation to facilitate concentration of the sample and exchange of hybridization and wash solutions (Scholin et al. 1996) . The requirement for centrifugation made that protocol error prone if attempting to estimate the abundance of P. australis in the original sample because cells were not recovered quantitatively after each step in the procedure . Necessary manipulations of microcentrifuge tubes also made the assay labor intensive, particularly when working with multiple samples each of which was hybridized with several probes. A filtration manifold (Fig. I ) was therefore devised to overcome these problems and to improve the rate of sample processing.
Tests of the filter-based labeling technique using cultured material have shown it to recover P. australis quantitatively (Fig. 2 ). An aliquot of cultured P. australis was preserved in Lugol's solution, and at the same time a separate aliquot was diluted serially in fresh medium. All of the live sample dilutions were processed by using filter-based whole-cell hybridization, and cell densities in each treatment were estimated (avg value *SD) by counting the number of labeled cells retained on the filter. The values obtained in this fashion were plotted against the expected densities based on counts of the Lugol's preserved material, confirming that the filterbased probing technique allowed for quantitative recovery of targeted cells. We have also applied the technique to quantify P. australis collected from natural populations. In this case, labeled cells are readily identified and enumerated against a background of other plankton and organic matter (e.g. Fig. 3A) .
The whole-cell hybridization assay takes -3 h to complete (from live sample to labeled cells). Of this time, as much as l-l.5 h are required of the person performing the assay; this does not include labor required to view filters and enumerate target species. Regarding the latter, we find it takes lo-20 min to examine a filter and count labeled cells; the actual time spent depends on the density of material collected, the number of labeled cells present, and the magnification used when viewing the filter. The lower limit of detection (LLD) of this method is not yet known but is related to the volume of water filtered and the ratio of target species to nontarget material (cells and organic matter). Equipment required to execute the whole-cell hybridization protocol as described here includes a filtration manifold (e.g. Fig. l) , water bath or dry incubator, micropipette, and an epifluorescence microscope. An advantage of the whole-cell hybridization rnethod is that one can see labeled cells and confirm that tl.ey agree with the size and shape of the intended target species. In addition, one can also visualize nontarget organisms.
Sandwich hybridization-As a first step to determine how the sandwich l.ybridization assay for P. australis would respond to variable numbers of target cells in natural samples, we compared a dilution series of pure culture against the same dilution series added to a concentrated net tow sample. Observation of' the net tow sample using settling chambers and standard 1i;;ht microscopy revealed few, if any, naturally occurring P. australis. However, the sample did contain numerous other diatoms representing at least five different genera, a variety of zooplankters, and an abundance of particulate organic matter. Nevertheless, color development observed for the dilution series of pure culture in filtered seawater vs. that for the same dilution series in the net tow sample were equivalent [ Fig. 3B ; at the greatest dilution (fewest target cells), the ratio of P. australis to nontarget diatom species is -l-30].
Therefore, the assay responded in proportion to the number of P. australis present in the sample and was not affected by an abundance of other organisms and organic material typical of that found in nature. Results of these trials, however, relied on microtiter plate-based reactions in which beads were agitated on an orbital shaker and solutions were exchanged with a micropipette (Scholin et al. 1996) . Although a potentially useful diagnostic, manipulations of the plates, beads, and solutions were time consuming. Moreover, results of the assay were judged visuallyan attribute that made estimation of target species abundance subjective.
To speed and ease application of the sandwich hybridization assay and to facilitate quantification of color development, we incoporated the necessary solutions into reagent cassettes and fitted the P. australis-specific beads onto PACs. These prepackaged reagents were applied using an Affirm Processor as described by Briselden and Hillier (1994) . Trials of the sandwich hybridization assay of the type shown in Fig . 3B were repeated with the semiautomated processor, and results were quantified with an Affirm Scanner. Results of the:ie trials are shown in Fig. 4 . The dynamic A. Epifluorescence image showing application of fluorcrcein-labeled aus-DI to natural populations oi plankton collected from Monterey Bay using filter-based whole-cell hybridization. Cells glowing bright green are scored as P. australis. Pseudo-nitzschiu speaes that did not retain the P. australis-specific probe are also visible, particularly on the right side of the image. B. Colonmetric rcsponsc of the sandwich hybridization assay comparing a dilution series of pure culture vs. the same ~cric\ added to a concentrated net tow (field) sample. Approximate cell number is the number ot cells per 0.5 ml of lysate; no addition is the response obtained using the P. australis-specific beads (Scholin et al 1996) and by filtering 5 ml of filtered seawater ior the pure culture treatment, or 5 ml of the native net tow sample. Negative control is beads coupled to an oligonucleotide that does not bind any known rRNA sequence (Briselden and Hillier 1994; Scholin et al. 1996) ; results of negative controls are those obtained using the most concentrated sample for each treatment. Beads have a diameter of 3 mm. Fig. 3B using the Affirm Processor to automate hybridization, wash, and color development steps of the procedure, and the Affirm Scanner to quantify assay results (the samples used in these trials are different from those shown in Fig. 3 ). Reflectance readings are the mean values ?SD (n = 4); decreasing reflectance values indicates increasing bead color intensity.
response of the assay was as observed previously: reaction intensity varied in proportion to the abundance of target cells in the sample even when those cells occurred in a complex phytoplankton assemblage. In this particular case, filterbased whole-cell hybridization of the native net tow sample showed that it contained b-80 P. australis ml -I. Using the standard curve shown in Fig. 5 , the reflectance value for the same sample gave an estimate of 95 cells ml-'. Nevertheless, the linear portiop of the standard curve shown in Fig. 5 appeared to lie between -5X lo2 and 5X 10X cells per 0.5 ml of lysate. We suspect that the most robust estimates of cell density will be obtained when working within the latter range.
If prepackaged reagents and semiautomated sample processing are used, sandwich hybridization takes -1 h to complete. Of this time, lo-15 min are required of the person performing the assay. Compared to the whole-cell method, sandwich hybridization is several-fold faster and less labor intensive. Equipment used to apply this method includes a standard filtration manifold, heating block, micropipette, and the Affirm Processor and Scanner (the latter are comparable in cost to an average epifluorescence microscope). With current technology, the LLD for sandwich hybridization is probably 2.5-5X lo2 P. australis cells per 0.5 ml of lysate, although greater sensitivity may be possible with some samples such as that shown in Fig. 4 . For whole-water samples (e.g. 500 ml), it is possible to detect as few as several thousand cells liter-l using the current sandwich hybridiza- tion assay and instrumentation described above. However, the absolute LLD is not yet known. As with the whole-cell method, the LLD likely varies depending on the composition of the sample and the volume of water filtered. A significant disadvantage of the sandwich assay currently available is that it offers no information as to the diversity of species present in a given sample. If one wishes to visualize and enumerate non&-get species, then microscopy is required.
To detect a wider range of species, one could develop a broader spectrum of capture and signal probes. Toward this end, we have configured PACs and reagent cassettes that serve to identify P. australis, P. multiseries, P. pungens, and P. pseudodelica Gssima in a single sample, simultaneously. Preliminary results of this work are described elsewhere (Scholin in pres:;).
Comparison qf whole-cell and sandwich hybridization assays-Whole-eel 1 and sandwich hybridization assays were applied to a variety of net tow samples to identify and quantify naturally occurring P. australis and to compare the performance of both diagnostic tools. Whole-cell hybridization employed the filter method, while determinations by sandwich hybridization were accomplished with the semiautomated system and the standard curve shown in Fig. 5 . Results of these preliminary trials are shown in Fig. 6 . Both methods tracked ::he relative abundance of P. australis equally well. However, estimates of the absolute abundance of target cells vary lay a factor of two (on average), with sandwich hybridization often yielding higher densities of P. aus- tralis as compared to counts derived by filter-based wholecell hybridization.
There are several possible explanations for this observation. Cells collected from nature could have contained less rRNA than their cultured counterparts. When whole-cell hybridization and a single flour-labeled probe are used, such cells could appear very weakly stained (e.g. Lim et al. 1993) and therefore all target cells may not have been enumerated. The sandwich hybridization assay, in contrast, provides a measure of the collective rRNA content of all target cells in the sample. Thus the whole-cell assay may have underestimated the abundance of target cells relative to the measure obtained by sandwich hybridization. Alternatively, naturally occurring P. australis may have contained more rRNA per cell than those in pure culture or may have been lysed more efficiently than those in culture. Either of these factors would increase the quantitative value obtained by sandwich hybridization, but neither would affect that obtained by the wholecell assay. These possibilities, as well as potential cross reactions with rRNA from nontarget species, are currently under investigation. At present we do not understand why cell abundance estimates calculated from the sandwich hybridization assay typically exceed those of the whole-cellbased assay. More extensive comparisons are on-going to determine whether the relationship shown in Fig. 6 is representative of the average response of the two types of assays.
Conclusions
Both whole-cell and sandwich hybridization techniques are useful for identifying P. australis collected from pure cultures or natural populations. Moreover, both techniques offer promising means by which one could quantify this species rapidly. Neither protocol is extremely complicated or demanding. The choice of one technique over another might depend on the type of data one wishes to obtain (visual cell counts or indirect estimates based on color change), the speed at which one desires an estimate of the presence and abundance of P. australis, the number of samples to analyze, and the equipment available.
Whole-cell and sandwich hybridization techniques could be applied to detect a wide range of HAB species as well as other phytoplankters. Of these methods, sandwich hybridization is the most rapid and least labor intensive to execute and is also highly amenable to automation. However, the limited dynamic range of the current assay suggests that it may be necessary to prepare dilutions of samples that contain <5X lo3 cells per 0.5 ml of lysate. Regardless of the analytical strategy chosen, genetic characterization (sequence analysis) of toxic as well as nontoxic species is required if DNA probe-based diagnostics are to be applied routinely in environmental monitoring. Central to this effort is a need to determine what regions of the genome provide adequate resolution of targeted species and empirical determinations of which of those sites are accessible to detection. Once this is known, additional tests are required to determine whether those sequences are in fact specific for the target species when that organism occurs in complex communities found in nature. The work described here has addressed these issues and shown that rapid and simple DNA probebased assays for HAB species are within reach.
